Introduction {#S1}
============

High hydrostatic pressure (HHP) is an inherent characteristic of all deep marine ecosystems (e.g., [@B44]; [@B74]; [@B77]), which are anchored by diverse microbial communities of primary producers and consumers. However, growth physiology under high-pressure conditions for most of the resident species is poorly understood, thus limiting our understanding of how the deep subsurface microbiome cycles mass and energy in its natural habitats. HHP microbial cultivation, though first introduced by [@B113], has still not been widely adopted, largely due to costs and complexities of developing specialized high-pressure equipment (e.g., [@B47]; [@B65]; [@B20]; [@B28]). Therefore, most microorganisms recovered from the deep biosphere are cultivated at ambient or near ambient pressures (i.e., 0.1--0.3 MPa) using traditional batch cultivation techniques, giving little insight into their *in situ* physiologies.

In general, studies of microbial responses to high pressure can be divided into those that focus on the potentially deleterious effects of pressure on surface species, and the adaptation mechanisms of piezotolerant and piezophilic organisms. By definition, those species that are negatively impacted by high-pressure conditions are categorized as piezosensitive, while piezotolerant species are insensitive to high pressure up to a limit; finally piezophiles grow optimally at elevated pressure and some of these are incapable of growth at ambient pressure (obligate piezophiles; e.g., [@B44]; [@B52]; [@B25]). While these categories are traditionally applied at the strain level, the pressure response can vary within a strain as other growth conditions vary (e.g., metabolism, temperature, energy supply; [@B73]; [@B112]).

For organisms inhabiting surface environments, increasing pressures can disrupt cell division, nucleoid structure, rates of DNA replication, RNA synthesis and protein synthesis ([@B102]; [@B2]; [@B1]). Also, pressures outside the optimal range induce the synthesis of stress response proteins and chaperone molecules ([@B102]; [@B2]; [@B1]). Effects of high-pressure on biochemical pathways and physiology have been reviewed by [@B43]. The most commonly observed response to pressure in piezotolerant or piezophilic species is a change in the protein profile, often related to regulation of cytochromes, membrane proteins, DNA recombination and repair enzymes, heat shock proteins and chaperone molecules (e.g., [@B92]; [@B38], [@B39]; [@B35]; [@B67]; [@B64]; [@B2]; [@B93]; [@B16]). Changes in both lipid composition and fluidity have also been attributed to high-pressure conditions ([@B51]; [@B2]). Genomic adaptations to high-pressure include elongated intergenic spacer regions, increases in RNA copy number, and elongation of the 16S rRNA helices ([@B101]; [@B59]; [@B60]). High-pressure modifications have also been identified in the transcriptome of piezophiles ([@B101]; [@B16]), and studies of some hyperthermophilic Archaea (e.g., *Thermococcus kodakarensis, Thermococcus barophilus, Pyrococcus yayanosii;* [@B100]; [@B68]), indicate that the pressure stress response involves a global scale metabolism modification rather than a classical stress response. More generally, a universal adaptation to HHP or a characteristic suite of "high-pressure" genes or proteins has not been identified so far in piezophiles ([@B47]; [@B111]; [@B21]).

In addition to these biochemical and molecular studies, several studies focus on how HHP can impact microbial growth (e.g., [@B113]; [@B107]; [@B46]; [@B9]; [@B96]; [@B28]). When considering both isolated species and environmental enrichment experiments, [@B20] found that initial habitat depth is correlated with a positive growth response to pressure. Furthermore, responses to elevated pressures are generally species- or strain-specific (e.g., [@B52]; [@B25]; [@B47]). Among the thermophiles, various responses have been observed, including (i) increases in temperature optima; (ii) increases in temperature maxima; (iii) increases in growth rate; and (iv) increases in metabolic rate ([@B1]; [@B85]), although these responses are not uniform across species. In the cases of *Methanopyrus kandleri*, *Pyrococcus abyssi*, and *P. yayanosii*, optimal growth temperatures, maximum growth temperatures, and maximum growth rates all increased with pressures in excess of 0.1 MPa ([@B24]; [@B64]; [@B96]; [@B110]; [@B14]). For some thermophiles maximum temperatures increase with pressure, while optimal temperatures remain unchanged (e.g., [@B63]), and for others growth rate is the primary parameter impacted by increasing pressure ([@B11], [@B12]; [@B46]; [@B35]; [@B4]; [@B95]). Metabolic rates, independent of cell growth rates, have also been enhanced by high pressure ([@B69]).

These studies highlight the variety of microbial response to high pressure, and specifically the lack of predictability with current data. Therefore, realistic models of deep marine microbial ecosystems require more robust characterizations of microbial physiology at conditions that more accurately reflect *in situ* environments, including elevated pressures. Because microorganisms respond differently to pressure, controlled laboratory growth experiments can be used to isolate specific high-pressure adaptive mechanisms from other environmental parameters. Using well-studied, model organisms to characterize HHP growth can greatly advance our understanding of how microbes grow and transduce energy in subsurface high-pressure conditions.

Here a model extremophile, *Archaeoglobus fulgidus* type strain VC-16, was used to explore the effects of HHP on microbial growth. *A. fulgidus* is a marine hyperthermophilic sulfate-reducing archaeon that has been found in both surface and deep environments (e.g., [@B91]; [@B109]; [@B18]; [@B87]). *A. fulgidus* is one of the best described species of this genus ([@B3]; [@B57]), as it was the first hyperthermophilic sulfate-reducing archaeon isolated and characterized, and one of the first archaea to have its genome sequenced ([@B88]; [@B99]; [@B57]; [@B80]). *A. fulgidus* has been shown to grow as both a chemoorganoheterotroph and a chemolithoautotroph and can utilize various organic and inorganic carbon compounds (e.g., lactate, formate, fatty acids, *n*-alkenes, and *n*-alkanes, CO~2~, CO) and sulfur compounds (i.e., SO$_{4}^{2 -}$, SO$_{3}^{2 -}$, and S~2~O$_{3}^{2 -}$; [@B91]; [@B88], [@B87]; [@B109]; [@B18]; [@B33]; [@B56], [@B55]; [@B37]). Even though *A. fulgidus* was first isolated from a shallow marine hydrothermal system ([@B91]), it is a ubiquitous member of subsurface microbial communities. For example, *A. fulgidus* strains have been isolated from a deep-sea hydrothermal vent ([@B71]), deep oil reservoirs ([@B90]; [@B10]; [@B61]), and deep geothermal wells ([@B26]; [Table 1](#T1){ref-type="table"}). Also, it has been identified via molecular techniques in various deep-sea vents and shallow terrestrial hot springs (e.g., [@B94]; [@B72]; [@B84]; [Table 1](#T1){ref-type="table"}). Because sulfate reducing archaea play an important role in the biogeochemical cycling of sulfur and carbon ([@B33]; [@B80]), it is critical to cultivate organisms such as *A. fulgidus* at elevated pressures to assess their ability to cycle carbon and sulfur compounds in deep environments as efficiently as they do at surface pressure conditions.

###### 

*Archaeoglobus* Isolates.

  Species, Strain               Environment             Depth     Location                Reference
  ----------------------------- ----------------------- --------- ----------------------- -----------
  *A. fulgidus*                                                                           
   VC-16†                       Shallow vent            1--10 m   Vulcano, Italy          [@B91]
   Z                            Shallow vent            1--10 m   Vulcano, Italy          [@B109]
   NS70-A                       Deep-sea vent           ∼968 m    Iheya North Fields      [@B71]
   TF2                          Oil reservoir           2--4 km   North Sea               [@B90]
   7324                         Oil reservoir           2--4 km   North Sea               [@B10]
   SL5                          Oil reservoir           1.6 km    Paris Basin, France     [@B61]
   L3 and L4                    Geothermal system       1.9 km    Paris Basin, France     [@B26]
  *A. profundus*                                                                          
   AV18                         Deep-sea vent           2 km      Guaymas Basin, Mexico   [@B18]
   NI85-A                       Deep-sea vent           ∼968 m    Iheya North Fields      [@B71]
  *A. veneficus*                Deep-sea vent           3.5 km    Mid-Atlantic Ridge      [@B41]
  *A. infectus*                 Deep-sea vent           1.4 km    Izu-Bonin Arc           [@B70]
  *A. sulfaticallidus* PM70-1   Black rust (borehole)   2.65 km   Juan de Fuca Ridge      [@B86]
  *'A. lithotrophicus'*         Oil reservoir           2--4 km   North Sea               [@B90]

†Type Stain (DSM 4304).

The common occurrence of *A. fulgidus* in high-pressure subsurface environments suggests that *A. fulgidus* is at least piezotolerant. Growth up to 35 MPa has been reported for a related strain, *A. fulgidus* TF2 ([@B90]). Furthermore, in Guaymas Basin hydrothermal sediments, where members of the *Archaeoglobales* have been identified with 16S amplicon sequencing ([@B98]), radiotracer incubation experiments suggested that microbial sulfate reduction is enhanced by HHP ([@B50]). Nonetheless, the pressure-dependent growth of *A. fulgidus* type strain VC-16 remains uncharacterized and the impact that this ubiquitous model hyperthermophile might have on metabolic and biogeochemical networks in high-pressure subsurface environments is unknown. Using a model strain that is metabolically versatile further opens the opportunity to compare heterotrophy to autotrophy within a single species at high pressure, which has yet to be demonstrated. Here the potential for *A. fulgidus* type strain VC-16 to grow at elevated pressures was investigated at pressures up to 70 MPa. Growth rates and cell densities for batch culture growth experiments are reported for both a chemoorganoheterotrophic metabolism coupling lactate oxidation with sulfate reduction, and a chemolithoautotrophic metabolism in which thiosulfate is reduced to H~2~S with H~2~.

Materials and Methods {#S2}
=====================

Growth Media Preparation {#S2.SS1}
------------------------

*Archaeoglobus fulgidus* type strain VC-16 (DSM 4304) was obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ, Braunschweig, Germany). Here, chemoorganoheterotrophic growth experiments contained lactate as the electron donor and carbon source coupled to sulfate reduction. The heterotrophic growth medium contained a sea salt base with a composition as follows (per liter): 0.34g KCl, 15.142g MgSO~4~⋅7H~2~O, 2.75g MgCl⋅6H~2~O, 0.25g NH~2~Cl, 0.056g CaCl~2~⋅2H~2~O, 0.0137g K~2~HPO~4~⋅3H~2~O, 17.8g NaCl, 0.0039g Fe(NH~4~)~2~(SO~4~)⋅6H~2~O, and 1 mL of Wolfe's trace element solution ([@B33]). This sea salt base along with 0.1 mL Resazurin (0.1% solution) was autoclaved at 121°C for 20 min and cooled to room temperature. Subsequently, stock solutions of sodium L-lactate (NaC~3~H~5~O~3~; 2.1 g/L final concentration), yeast extract (1 g/L final concentration), and PIPES (piperazine-*N*,*N*'-bis\[2-ethanesulfonic acid\]; 3.36 g/L final concentration) was added by filter sterilization in a biosafety cabinet and the pH was adjusted to 6.7. The sterile medium was aseptically distributed into sterile Balch tubes (10 mL of medium), capped with sterile butyl stoppers and crimped. Prior to inoculation, the headspace above the medium was replaced with N~2~ by flushing Balch tubes for 15--20 min and a 2.5% (w/v) Na~2~S⋅9H~2~O stock solution was added to a final concentration of 1 mM to obtain anoxic conditions ([@B19]).

Here, chemolithoautotrophic growth was measured for thiosulfate reduction with H~2~ supporting CO~2~ fixation ([@B88]; [@B33]; [@B37]) after *A. fulgidus* VC-16 was adapted from a heterotrophic metabolism to an autotrophic metabolism (see [Supplementary Material](#DS1){ref-type="supplementary-material"} for details). The autotrophic growth medium was similar to the heterotrophic medium with the following modifications: MgSO~4~⋅7H~2~O, sodium L-lactate, and yeast extract were omitted; MgCl⋅6H~2~O was increased to 6.38 g/L to maintain salinity; CaCl~2~⋅2H~2~O was increased to 0.14 g/L; PIPES was replaced with 2 g/L NaHCO~3~. To obtain anoxia, the medium was boiled under an N~2~ atmosphere and the pH was adjusted to 7.3 to compensate for the decrease in pH induced by CO~2~ addition. The anoxic, pH-adjusted medium was transferred to N~2~-flushed serum bottles, sealed with butyl rubber stoppers and crimp-sealed prior to autoclaving. Following sterilization, the headspace was vacuumed and flushed with a 80% H~2~: 20% CO~2~ gas mixture. Prior to inoculation, 2.5% (w/v) Na~2~S⋅9H~2~O was added to a final concentration of 1 mM to obtain anoxic conditions ([@B19]), and subsequently each serum bottle was amended with a sterile, anoxic 2.5% (w/w) Na~2~S~2~O~3~ stock solution to a final concentration of 47 mM ([@B37]).

Heterotrophic Ambient Pressure and HHP Batch Cultivation Experiments {#S2.SS2}
--------------------------------------------------------------------

For HHP batch cultivation, triplicate batch culture experiments and a single uninoculated control were conducted at 0.1--70 MPa at 10 MPa increments. For each triplicate, 30 mL of sterile, anaerobic medium was inoculated with 3% (v/v) logarithmic phase *A. fulgidus* cells from three separate precultures to a final cell concentration of ∼1.25 × 10^7^ cells/mL. Inoculated growth medium for each triplicate was transferred aseptically into 5 mL, N~2~-flushed plastic syringes (BD medical). After transfer, excess N~2~ gas was expelled from each syringe before the needle was embedded into a silicone stopper to maintain a closed system. The syringes were placed inside pre-heated stainless steel pressure vessels, filled with deionized water, and pressurized using a hydraulic screw pump (High Pressure Equipment Company^©^) to the desired pressure ([Figure 1](#F1){ref-type="fig"}; [@B113]; [@B106]). Parallel, ambient pressure experiments were carried out in Balch tubes ([@B6]), or in headspace-free syringes similar to HHP experiments without pressurization (0.1 MPa). Experiments conducted in Balch tubes were amended with a 0.3 MPa N~2~ headspace following inoculation. All experiments were incubated at 83°C for the duration of each experiment. Each HHP batch culture experiment, along with the ambient-pressure controls were subsampled ∼11 times to obtain complete growth curves. Subsamples for cellular enumeration were taken every 2--4 h after inoculation for 36 h for 0.1--40 MPa experiments and up to 52 h for 50--70 MPa experiments. Pressure vessels were decompressed at an average rate of 19 MPa/min and 0.5 mL subsamples were fixed with 2.5% (v/v) gludaraldehyde for subsequent enumeration.

![Schematic of *A. fulgidus* HHP heterotrophic batch culture growth experiments (performed in triplicate with a negative control). See text for details.](fmicb-11-01023-g001){#F1}

Because the static pressure vessels require decompression for subsampling and such decompression can negatively impact microbial growth during high-pressure cultivation ([@B75]), a suite of high-pressure experiments tested the effects of multiple decompression-repressurization cycles on growth ([Supplementary Figure 1](#DS1){ref-type="supplementary-material"}). In order to minimize the effects of decompression cycles four replicates of each experiment (triplicate growth experiments and one uninoculated control) were distributed across four static pressure vessels and subsampling alternated among these. Therefore, a total of twelve 5 mL syringe cultures, four syringes from each triplicate for each vessel, and four 3 mL syringes filled with uninoculated medium for negative controls, were prepared for each HHP experiment. To obtain complete growth curves (36--52 h), each vessel was subjected to a maximum of four decompression-repressurization cycles, with at least 6 h between cycles.

Lastly, *A. fulgidus* cell recovery after a 52-h exposure at 70 MPa for the heterotrophic metabolism was tested. Logarithmic-phase *A. fulgidus* cells were incubated in triplicate at 70 MPa and 83°C for 52 h in a single, heated pressure vessel. Because the effects of decompression on *A. fulgidus* cells at 70 MPa were unknown, these incubations were also decompressed and repressurized four times at 18, 24, 36, and 52 h after inoculation. Following 52 h of incubation, a final concentration of ∼1.1 × 10^7^ cells/mL was transferred into sterile anaerobic medium in Balch tubes at 0.3 MPa and growth was monitored visually until the culture became turbid after 64 h and direct counts of triplicate experiments were taken.

Autotrophic Ambient Pressure and HHP Batch Cultivation Experiments {#S2.SS3}
------------------------------------------------------------------

Similar to HHP heterotrophic growth experiments, HHP experiments exploring autotrophy were also conducted in syringes contained in static pressure vessels, with replicates distributed to minimize decompression-repressurization cycles. However, because the autotrophic metabolism depends on significant concentrations of dissolved volatiles (H~2~, CO~2~), modifications to the standard protocol were necessary. Specifically, all HHP autotrophic experiments were carried out in glass, gas-tight syringes and additional H~2~ was added prior to pressurization to mitigate gas loss. The detailed experimental protocol is outlined in [Figure 2](#F2){ref-type="fig"} and described below.

![Schematic of the experimental setup for *A. fulgidus* HHP autotrophic growth experiments after [@B96]. Each experiment was performed in triplicate with a negative control. Two syringes with inoculated growth medium were incubated in one high pressure vessel and one vessel contained one growth syringe and one negative control.](fmicb-11-01023-g002){#F2}

Autotrophic HHP batch cultivation of *A. fulgidus* was carried out in glass gas-tight syringes (Hamilton, 5 mL luer slip tip syringes) following methods of [@B96] and [@B97]. Clean and dried 5 mL glass syringes (Hamilton, Reno, NV, United States), chromatography needles, butyl stoppers, Teflon tape, and butyl rubber tape for sealing the needle-syringe connection, were sterilized under UV light for 1 h in a biosafety cabinet ([Figure 2](#F2){ref-type="fig"}, Step 1). Syringes were assembled to maintain gas-tight conditions during incubation by wrapping the syringe luer slip tip with Teflon, then attaching the needle to the syringe and finally sealing the needle-syringe connection with butyl rubber tape. Syringes and attached needles were then flushed with N~2~ using an over-pressurized (0.3 MPa) bottle ([Figure 2](#F2){ref-type="fig"}, Step 2). The autotrophic, anaerobic growth medium was prepared in 30 mL serum bottles ([Figure 2](#F2){ref-type="fig"}, Step 3). Each serum bottle was inoculated with 1.5% (v/v) logarithmic phase *A. fulgidus* cells from three separate precultures to a final cell concentration of ∼3 × 10^6^ cells/mL. The headspace was replaced with a 80% H~2~: 20% CO~2~ gas mixture to 0.3 MPa and left to equilibrate for ∼5 min ([Figure 2](#F2){ref-type="fig"}, Step 4). Next, 4 mL of inoculated and gas-equilibrated medium was transferred into each syringe from a serum bottle ([Figure 2](#F2){ref-type="fig"}, Step 5). Previous experiments containing 3 mL ultrapure water (18.2 MΩ) and 1 mL H~2~ in gas-tight glass syringes showed at most a 0.2 mL H~2~ loss (by volume) after incubation at 60 MPa and 83°C for 150 h. Therefore, ∼0.5 mL of 100% H~2~ was added to each syringe to mitigate H~2~ loss on pressurization ([Figure 2](#F2){ref-type="fig"}, Step 6), thus making these experimental conditions more comparable to experiments carried out in Balch tubes with a 0.3 MPa 80% H~2~/20% CO~2~ headspace. Finally, the needles were embedded into butyl rubber stoppers to maintain a closed system. All of the syringes were then placed into pre-heated 83°C vessels and pressurized as described in section "Heterotrophic Ambient Pressure and HHP Batch Cultivation Experiments" ([Figure 2](#F2){ref-type="fig"}, Step 7).

Two near-ambient pressure control experiments were conducted in serum bottles. First, the inoculated medium remaining in the serum bottles used to fill the glass syringes was incubated at 83°C to monitor growth under optimum conditions. Second, to observe if there was a significant difference in growth using traditional batch culture techniques versus HHP techniques at 0.3 MPa, *A. fulgidus* growth in serum bottles with a ∼15 mL headspace was compared to *A. fulgidus* growth in 5 mL glass syringes with ∼0.5 mL gas phase incubated in the static pressure vessels. At these pressures a two-phase system is maintained in each experiment (serum bottle or glass syringe), and both phases achieve equivalent pressures. To achieve such low pressures in these vessels, an additional pressure gauge was placed onto the pressure line. This gauge was rated up to 0.7 MPa so that 0.3 MPa could be reached more precisely. Each serum bottle was subsampled six times during the course of each experiment.

*Archaeoglobus fulgidus* autotrophic HHP batch culture experiments were performed from 0.3 to 60 MPa in ∼20 MPa increments. Each HHP batch culture experiment was performed in triplicate with a negative control, along with the ambient-pressure controls described above. Five static high-pressure vessels, containing two 5 mL glass syringes (one experiment and a negative control), were pressurized and decompressed only once for sampling to minimize decompression-repressurization cycles. Vessels were decompressed at an average rate of 19 MPa/min. To obtain growth curves through the stationary phase, five 0.5 mL subsamples were taken over ∼145--215 h, fixed with 2.5% (v/v) gludaraldehyde, and later enumerated via light microscopy. Six subsamples were taken from experiments conducted in serum bottles.

Direct Cell Counts {#S2.SS4}
------------------

For heterotrophic growth, cell densities were estimated by direct counting of cells fixed in 2.5% (v/v) gludaraldehyde filtered onto 0.2 μm black polycarbonate membranes (EMD Millipore) and stained with DAPI (4′,6-diamidino-2-phenylindole dihydrochloride, Sigma Aldrich; [@B53]), under 200x magnification on an Olympus XM10 fluorescence microscope. For autotrophic growth, cell density was estimated by direct counts from cells fixed in 2.5% (v/v) gludaraldehyde on a Thoma-chamber (depth: 0.02 mm; Brand, Wertheim, Germany) using a light microscope (model XM: Olympus) under 80x magnification (e.g., [@B42]; [@B35]; [@B15]; [@B19]). To ensure consistency between the two counting methods, cells were enumerated in triplicate experiments by both DAPI and using a Thoma-chamber (depth: 0.02 mm; Brand, Wertheim, Germany). Cell counts for each method were comparable ([Supplementary Figure 2](#DS1){ref-type="supplementary-material"}). Maximum cell densities were observed from stationary phase for all pressure conditions and error bars indicate standard deviation from at least triplicate experiments. Growth rates were calculated from the logarithmic growth phase slopes from triplicate batch culture experiments using the LINEST function in Excel. Error bars indicate the standard error from linear regressions of triplicate experiments.

Results {#S3}
=======

*Archaeoglobus fulgidus* grew in a heterotrophic growth medium from 0.1 to 60 MPa under HHP batch cultivation at 83°C ([Figure 3A](#F3){ref-type="fig"}). Standard growth curves show similar growth patterns and cell densities up to 30 MPa, while slower growth was observed from 40 to 60 MPa; no notable increases in cell densities were measured at 70 MPa ([Figure 3A](#F3){ref-type="fig"}). Growth rates increased from 0.1 to 20 MPa and decreased from 20 to 60 MPa ([Figure 3C](#F3){ref-type="fig"}). Maximum cell densities were similar from 0.1 to 30 MPa and decreased with pressures above 30 MPa ([Figure 3E](#F3){ref-type="fig"}). The maximum growth rate for experiments that used the syringe-based HHP techniques (e.g., syringes without headspace) was observed at 20 MPa (0.15 ± 0.005 hr^--1^, [Figure 3C](#F3){ref-type="fig"}), while the growth rate at 0.1 MPa was 0.13 ± 0.008 hr^--1^ ([Figure 3C](#F3){ref-type="fig"}), suggesting that *A. fulgidus* is a moderate piezophile under these conditions. Growth rates and maximum cell densities of *A. fulgidus* began to decline at 30 MPa and 40 MPa, respectively ([Figures 3C,E](#F3){ref-type="fig"}), and growth was barely detectable at 60 MPa (0.014 ± 0.004 hr^--1^; [Figures 3C,E](#F3){ref-type="fig"}). No growth was measured at 70 MPa and the maximum cell density (9.82 ± 1.78 × 10^6^ cells/mL, [Figures 3A,E](#F3){ref-type="fig"}) was only slightly higher than initial values (9.04 ± 1.3 × 10^6^ cells/mL, [Figure 3E](#F3){ref-type="fig"}). Even though growth did not occur at 70 MPa, cells exposed to 70 MPa for 52 h that were subsequently transferred to 0.3 MPa recovered to high cells densities (5.6 ± 0.25 × 10^8^ cells/mL) after 64 h of growth at 0.3 MPa ([Figure 3E](#F3){ref-type="fig"}). *A. fulgidus* cells are normally coccoid but at growth pressures above 40 MPa, cell morphology was noticeably different ([Figure 4](#F4){ref-type="fig"}). Cells that are normally coccoidal ([Figure 4A](#F4){ref-type="fig"}) became irregular and elongated at 50 MPa and 60 MPa ([Figure 4B](#F4){ref-type="fig"}). Similar morphological changes have been observed in other strains under HHP stress (e.g., [@B113]; [@B23]).

![**(A)** *A. fulgidus* heterotrophic HHP growth curves from 0.1 to 70 MPa in syringes (colored squares) and Balch tubes at 0.3 MPa (black circles). **(B)** *A. fulgidus* autotrophic HHP growth curves from 0.3 to 60 MPa in glass syringes (colored squares) and in serum bottles (black circles). **(C)** *A. fulgidus* HHP heterotrophic growth rates from 0.1 to 70 MPa in syringes (red squares) and at 0.3 MPa in Balch tubes (black circle) calculated from observed growth curves **(A)**. **(D)** *A. fulgidus* HHP autotrophic growth rates from 0.3 to 60 MPa in syringes (red squares) and at 0.3 MPa in serum bottles (black circle) calculated from growth curves **(B)**. Growth rates were calculated from 3 to 5 data points measured from exponential growth from at least triplicate experiments. *A. fulgidus* HHP heterotrophic **(E)** and autotrophic **(F)** maximum cell densities measured when grown in syringes (red squares), Balch tubes or serum bottles (black circles), and at 0.3 MPa after exposure to 70 MPa \[blue triangle in **(A)**\]. No growth was observed at 70 MPa. Error bars represent the standard deviation from at least triplicate experiments.](fmicb-11-01023-g003){#F3}

![DAPI stained *A. fulgidus* cells grown in a heterotrophic medium after 24 h of growth at 0.1 MPa **(A)** in Balch tubes and at 50 MPa **(B)** in syringes. Dilution factors for were 20x **(A)** and 4x **(B)**. Bar is 5 μm.](fmicb-11-01023-g004){#F4}

In addition to the HHP batch cultivation techniques that employed headspace-free, stoppered syringes, growth experiments were also conducted in Balch tubes with a ∼17 mL gas headspace. These experiments were conducted at 0.3 MPa and compared to experiments incubated at 0.3 MPa in headspace-free syringes. In the latter experiments cell clustering was observed over a wide pressure range (0.1--50 MPa), while aggregation was absent in Balch tubes ([Supplementary Figure 3](#DS1){ref-type="supplementary-material"}). Growth rates at 0.3 MPa were also significantly different between the two techniques, and the overall highest growth rate (0.17 ± 0.015 hr^--1^; [Figure 3C](#F3){ref-type="fig"} black circle) was observed in Balch tubes at near-ambient pressure conditions. Nonetheless, these experiments have no HHP counterpart and cannot be directly compared to growth in syringes.

*Archaeoglobus fulgidus* grew autotrophically from 0.3 to 40 MPa at 83°C under HHP batch cultivation ([Figure 3B](#F3){ref-type="fig"}). Similar growth patterns were observed from 0.3 to 40 MPa, though growth at 40 MPa had a longer lag phase. Only slight growth was observed at 60 MPa ([Figure 3B](#F3){ref-type="fig"}). *A. fulgidus* was grown autotrophically at 0.3 MPa in serum bottles with a headspace ∼38% by volume, and also grown using HHP methods in syringes with minimal headspace of ∼0.5 mL of H~2~ at 0.3 MPa and no headspace from 10 to 60 MPa. For autotrophic growth experiments, similar growth rates were observed from 0.3 to 40 MPa (0.022 ± 0.002 hr^--1^, 0.0241 ± 0.002 hr^--1^, and 0.0195 ± 0.002 hr^--1^, respectively), suggesting that *A. fulgidus* is a piezotolerant autotroph ([Figure 3D](#F3){ref-type="fig"}). Slightly higher growth rates were observed in experiments conducted in serum bottles at 0.3 MPa (0.0329 ± 0.001 hr^--1^; [Figure 3D](#F3){ref-type="fig"} black circle), likely due to the presence of an H~2~/CO~2~ gas phase. Again, cultivation in serum bottles at 0.3 MPa is not directly comparable to growth in syringes under HHP culture conditions. For HHP batch cultivation, similar maximum cell densities were measured at 0.3--40 MPa (9.22 ± 1.33 × 10^7^ cells/mL -- 1.38 ± 0.215 × 10^8^ cells/mL; [Figure 3F](#F3){ref-type="fig"}). Minor growth was measured at 60 MPa with an average maximum cell density that reached 8.67 ± 1.29 × 10^6^ cells/mL from an average inoculum cell density of 3.16 ± 1.65 × 10^6^ cells/mL ([Figure 3F](#F3){ref-type="fig"}). As expected, autotrophic growth was slower and had lower cell densities compared to heterotrophic growth ([@B79]). Nevertheless, these results indicate that *A. fulgidus* is a piezotolerant autotroph up to 40 MPa.

Repeated cycles of decompression and repressurization did not significantly impact heterotrophic growth of *A. fulgidus* from 10 to 50 MPa. [Figure 5](#F5){ref-type="fig"} shows that cell density measurements in experiments with only one decompression/repressurization cycle were similar to those with multiple cycles. Slightly higher growth densities at 10--30 MPa for cells decompressed multiple times versus once might suggest that repressurization may have a positive impact on growth ([@B105]). Decompression may have had a negative impact on cells decompressed multiple times at 60 MPa, as maximum cell densities at 60 MPa for cells decompressed once were 3.02 ± 0.10 × 10^7^ cells/mL and those decompressed multiple times were 2.15 ± 0.59 × 10^7^ cells/mL. However, low growth yields at 60 MPa contribute to a low *R*-value, making it difficult to discern any affects from subsampling decompression. Nevertheless, these results confirm high-pressure growth of *A. fulgidus* up to 50 MPa with cellular viability unaffected by periodic decompressions.

![Cell densities *A. fulgidus* grown in a heterotrophic medium, and exposed to one cycle (*y*-axis) or multiple cycles of decompression/repressurization (*x*-axis) from 10 to 60 MPa. The 1:1 correspondence is shown as a black line. Best-fit lines and respective *R*-values are; *y* = --0.23784 + 0.96712x *R* = 0.999 (10 MPa), *y* = --0.011249 + 0.99586x *R* = 0.991 (20 MPa), *y* = --0.29188 + 0.95957x *R* = 0.996 (30 MPa), *y* = --0.65328 + 1.087x *R* = 0.993 (40 MPa), *y* = --0.014095 + 1.0042x *R* = 0.990 (50 MPa), *y* = --1.1686 + 31.1757x *R* = 0.928 (60 MPa). Error bars are deviations from the average of triplicate experiments.](fmicb-11-01023-g005){#F5}

*Archaeoglobus fulgidus* (type strain VC16) is capable of growing at HHP conditions both heterotrophically and autotrophically and displays both piezophilic and piezotolerant behavior depending on metabolic strategy. Growing heterotrophically, *A. fulgidus* is a moderate piezophile, with maximum specific growth rates measured at 20 MPa for the cultivation conditions described here. On the other hand, *A. fulgidus* growth rates and stationary-phase cell densities were similar for autotrophy from 0.3 to 40 MPa, indicating only piezotolerance for these autotrophic conditions. Interestingly, growth rates under traditional batch culture generated different results from the HHP syringe-based techniques at 0.1 MPa or 0.3 MPa for both metabolisms, highlighting that different cultivation methods can impact microbial growth patterns. Additionally, cell clustering in experiments using the HHP batch cultivation technique was observed over most of the pressure range (0.1--50 MPa). The cause for cell clustering was not resolved during this study, however, additional analyses are underway to investigate this physiological response. Taken together, these results suggest that *A. fulgidus* is capable of both heterotrophic and autotrophic growth in high-pressure, subsurface, marine environments.

Discussion {#S4}
==========

*Archaeoglobus fulgidus* type strain VC-16 was originally isolated from a shallow marine hydrothermal system, and its discovery was notable as this species was the only archaeal sulfate reducer known at that time ([@B91], [@B89]). Initially this species was thought to be the "shallow"-dwelling *Archaeoglobus* analog to *Archaeoglobus profundus*, isolated from the hot sediments of Guaymas Basin at ∼2 km depth (∼20 MPa; [@B18]). Yet since its discovery, several other *A. fulgidus* strains have been isolated from various deep environments ([Table 1](#T1){ref-type="table"}), expanding the habitat range for this species. These include three strains isolated from multiple oil reservoirs at depths of up to 4 km (corresponding to ∼40 MPa hydrostatic pressure and even higher lithostatic pressures; [@B90]; [@B10]; [@B61]), and two additional *A. fulgidus* strains isolated from the Paris Basin at 1.9 km ([@B26]). Furthermore, this species is commonly identified in various mid-ocean ridge vent systems including the Mid-Atlantic Ridge, the Juan de Fuca Ridge, and the East Pacific Rise (e.g., [@B82], [@B83]; [@B84]), with depths between ∼2 and 3.5 km (∼20--35 MPa). Several other *Archaeoglobus* species have been isolated from various subsurface environments ([Table 1](#T1){ref-type="table"}), confirming the ubiquity of this genus in high-pressure, subsurface ecosystems. As most of the sampling, analysis and enrichment techniques applied to samples from these high-pressure environments usually involves sample decompression (e.g., [@B45]; [@B13]; [@B76]; [@B20]), recovery of this and related species is consistent with the results reported here showing that *A. fulgidus* is largely unaffected by decompression and repressurization ([Figure 5](#F5){ref-type="fig"}). Other strains that are sensitive to decompression are likely excluded from similar analyses via decompression sample bias.

This widespread distribution of *Archaeoglobus* species in subsurface high-pressure environments stands in contrast to the paucity of evidence confirming their growth at elevated pressures. The only other reported HHP growth experiments performed on *A. fulgidus* was strain TF2 ([@B90]), which was isolated from a ∼3 km deep oil reservoir and reported to grow at 42 MPa on crude oil as a sole growth substrate ([@B90]), reflecting its adaptation to its immediate habitat. Also, an archaeal strain (L3), most closely related to *A. fulgidus*, was isolated from a 2 km geothermal well and was successfully cultivated at ∼0.2 MPa under autotrophic conditions (H~2~ and CO~2~ as a sole carbon source in the presence of thiosulfate; [@B26]). Strain L3 exhibited several phenotypic differences from the *A. fulgidus* type strain VC-16 and required yeast extract for growth ([@B26]). In contrast, the autotrophic HHP experiments reported here for type strain VC-16 extend the autotrophic pressure range for growth to 40 MPa, without supplemental vitamins or yeast extract. These differences once again highlight the significant differences in physiological response to elevated pressure, even within a species.

Consistent with the widespread distribution of *Archaeoglobus* species in high-pressure environments, the experiments reported here show that the *A. fulgidus* type strain VC-16 is moderately piezophilic for chemoorganoheterotrophy, and piezotolerant for chemolithoautotrophy. This adds to the currently identified 58 characterized piezotolerant and piezophilic microorganisms ([@B47]; reviewed in [@B27]; [@B22]; [@B58]; [@B62]; [@B20]; [@B108]), a majority of which (52) are chemoorganoheterotrophs. In the HHP experiments reported here, the physiologic responses of *A. fulgidus* depended primarily on metabolic strategy. Under autotrophic conditions, the type strain was piezotolerant with similar growth rates at 0.3 and 20 MPa. In contrast, *A. fulgidus* VC-16 growing heterotrophically was a moderate piezophile with a maximum growth rate at 20 MPa. Other studies have shown both piezotolerant and piezophilic behaviors within a single species, but these variations have more commonly corresponded to temperature differences. For example, [@B73] found that *Moritella japonica* grew optimally as a piezophile at 15°C and 50 MPa but was piezotolerant at 10°C, with an optimum growth pressure at 0.1 MPa. Similarly, the hyperthermophilic archaeon, *Thermococcus eurythermalis*, exhibited piezophily at 95°C, but was more piezotolerant at 85°C ([@B112]). All of the HHP experiments described here were carried out at 83°C, this strain's optimum temperature at 0.1 MPa ([@B88]), thus it remains unknown if *A. fulgidus'* piezophily is temperature dependent. To our knowledge, HHP growth for both heterotrophy and autotrophy within a single species has not been characterized previously (see [@B47] for a review). The thermophilic piezophile, *Piezobacter thermophilus*, was shown to be a strict piezophile under autotrophic conditions, and while this species did utilize organic compounds at ambient pressures, HHP organotrophy was not confirmed ([@B95]). Furthermore, several mesophilic sulfate reducers are known to grow both autotrophically and heterotrophically (e.g., *Desulfobacterium autotrophicum*, *Desulfobacterium vacuolatum*, *Desulfobacter hydrogenophilus*; [@B17]), but their ability to grow autotrophically and heterotrophically at high pressure is unknown since only a handful of mesophilic sulfate reducers have been grown at pressure (e.g., [@B7]; [@B5]; [@B54]; [@B104]). As *A. fulgidus* employs both metabolic strategies at elevated pressure, this strain could serve as a model to further explore the enzymatic and bioenergetic distinctions between heterotrophy and autotrophy at elevated pressures.

The increased growth rates of *A. fulgidus* carrying out heterotrophic sulfate reduction at elevated pressures suggest an important role for this hyperthermophilic sulfate reducer in high-temperature, subsurface environments. In general, heterotrophic sulfate reduction is a key metabolism in a variety of anoxic, organic-rich environments. In marine sediments, sulfate reduction can significantly impact sedimentary geochemical profiles ([@B32]), and sulfate reduction and anaerobic oxidation of methane (AOM) dominate throughout methane rich marine sediments and play an important role in global carbon cycling ([@B36]; [@B48]; [@B66]). In subsurface oil reservoirs, sulfate reduction is the main contributor to crude oil degradation, negatively impacting both economic and safety factors (e.g., [@B31]; [@B29], [@B30]). The importance of *Archaeoglobus* species in these subsurface hydrothermal environments has always been inferred from its ubiquity in phylogenetic diversity studies of these ecosystems, but the specifics of its high-pressure metabolism have been unknown. As the first isolated sulfate-reducing archaeon ([@B88]; [@B99]; [@B80]), *A. fulgidus* and other members of this genus were recognized as filling a specific ecological niche in hot, sulfate-rich, anoxic surface marine environments. With optimum growth temperatures between 75 and 90°C, these hyperthermophilic sulfate reducing archaea thrive between the thermophilic sulfate reducing bacteria (optimum growth temperatures typically between 40 and 70°C; [@B80]) and the hyperthermophilic sulfur metabolizing archaea (optimum growth temperatures typically between ∼70 and 100°C; [@B83]; [@B40]; [@B33]). The ubiquity of *Archaeoglobus* species in the subsurface suggests that they play a similar role in subsurface environments.

Furthermore, recent reports suggest that both elevated temperature and elevated pressure are critical parameters constraining the ecological niche that sulfate reducers occupy in hydrothermal sediments. For example, in Guaymas Basin, [@B49] found that the highest sulfate reduction rates occurred at elevated pressures (22--45 MPa) and at higher temperatures than AOM, suggesting that sulfate reduction is mainly responsible for carbon cycling in higher temperature sediments, and that sulfate reduction rates are pressure-dependent. As a hyperthermophile that can grow up to 95°C ([@B34]), *A. fulgidus* VC-16 could cycle carbon in this high-temperature niche, and the results described here expand the habitat of *A. fulgidus* to include high-pressure environments. Our results expand the pressure range of *A. fulgidus* VC-16 to 0.1--60 MPa for heterotrophic metabolisms and 0.1--40 MPa for autotrophy. These pressures encompass the average ocean floor depth, 3.688 km (i.e., ∼37 MPa) and associated hydrothermal marine sediments, depths of many oil field reservoirs ranging from ∼1-3 km depth ([@B78]), and the average depth of black smoker hydrothermal vents at ∼2.1 km (i.e., ∼21 MPa), and even the deepest known hydrothermal system, the Mid Cayman Rise, where members of the *Archaeoglobales* have been identified with 16S amplicon sequencing ([@B81]). With the ability to carry out heterotrophic sulfate reduction at both high-temperature and high-pressure conditions, *A. fulgidus* likely plays a significant role in cycling carbon and sulfur in these environments.

Conclusion {#S5}
==========

Overall, the high-pressure growth of *A. fulgidus* is unsurprising for its consistency with observations of this species throughout both shallow- and deep-marine hydrothermal systems. However, the expansive pressure range and metabolic variability across that pressure range once again underscores that this species and others within this genus require further investigation, and can serve as model organisms to better understand microbial physiology in hydrothermal environments. *A. fulgidus* would be an ideal subject for a vast array of analyses (molecular and biogeochemical) over a range of pressure conditions. For instance, experiments to explore membrane structure and functionality under different pressure, decompression, and metabolic conditions may lend some insight into this species' ability to adapt to both surface and subsurface environments. Additionally, other *Archaeoglobus* species that have been isolated from high-pressure environments ([Table 1](#T1){ref-type="table"}) are likely also piezotolerant and piezophilic. Comparison across these species at both ambient and HHP conditions, especially focusing on comparative transcriptomics and proteomics, could reveal mechanisms of pressure adaptation. Finally, as a majority of bacterial and archaeal cells inhabit high-pressure environments (e.g., [@B103]; [@B47]; [@B8]), further HHP batch cultivation performed on other extremophiles is necessary to expand our understanding of how microorganisms regulate pressure changes and how that governs their distribution on Earth.
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